We report the measurements of the densities of linear alkylbenzene at three temperatures over 4 to 23
Introduction
The linear alkylbenzene (LAB) is the solvent of liquid scintillator (LS) in large liquid scintillator detectors, such as Daya Bay [1] [2] [3] [4] [5] and JUNO (formerly called Daya Bay II) [6] [7] [8] . The precision measurement for the density of LAB is important to determine the target mass of detector and then the total number of free protons (hydrogen nuclei). The uncertainty of the total number of free proton would affect the uncertainty of the absolute detection efficient of the inverse beta-decay reaction which is important for the precision measurements of mixing parameters in Daya Bay [3] [4] [5] . It is also necessary to obtain the isobaric thermal expansion coefficient and isothermal compressibility of LAB to accurately describe the density of LAB with temperature and pressure. The density of LAB changes with temperature which results in the expansion or shrink of the volume for the liquid scintillator of a given mass. It is important to estimate the overflow volume of the central detector of JUNO by using the isobaric thermal expansion coefficient. The density of LAB also changes with pressure. The largest pressure difference for LAB would be about 3 atm for the central detector of JUNO whose diameter would be about 35 m. The isothermal compressibility of LAB, which had not been measured yet, is imperative for the calculation of the Rayleigh scattering lengths of liquid scintillators [9] [10] [11] .
In this paper, we report the measurements for the densities of LAB from 4 to 23
• C and at pressures up to 10 MPa. We have derived the isobaric thermal expansion coefficients and the isothermal compressibilities of LAB from the data of densities.
Experimental method
The compressed liquid density of LAB was measured by the vibrating tube method and the whole measurement system was developed by the Thermodynamic Research Group in Xi'an Jiaotong University [12, 13] . The measurement system contains a tube densimeter Anton Paar DMA-HPM with a measuring cell where a U-shaped Hastelloy C-276 tube could be excited electronically to vibrate at the characteristic frequencies of liquid LAB at various temperatures and pressures. The evaluation unit mPDS 2000V3 connected to the tube densimeter could indicate the vibration period with seven significant digits. The tube densimeter was thermostatted well by an external thermostatic bath. The measuring cell was insulated from the environment. The uncertainty of temperature measurement was within ±0.02
• C. The pressure of measurement system was applied by a piston pump HIP 50-5.75-30 and measured by a high pressure transducer HBM P3MB. The uncertainty of pressure measurement was within ±0.06 MPa. The measurement system had been calibrated by water and vacuum with the method proposed by Lampreia and Nieto de Castro [14] . The uncertainty of density measurement for LAB sample was within ±0.4 kg·m −3 . The experimental assembly was shown in Ref. [13] .
A vacuum test was applied to the entire system where the pressure had been lower than 10 Pa to ensure the precision and safety of measurements. The entire system had been firstly purged by acetone, and secondly blown by an electric drier for three times, and thirdly purged by the dry flowing nitrogen gas after one or two days. The process of purge was repeated three times before the measurements. The sample of LAB was provided by the China Jinling Petrochemical Limited Corporation. It was purified by three freeze-pump-thaw cycles via liquid nitrogen before measurements. A vacuum was applied to the entire pipe circuit to remove air or nonvolatile gases, and then the LAB sample was loaded into the pipe circuit by corresponding valve operations. When the temperature for the vibrating tube had been stable at a given pressure, the appropriate minimum pressure to the maximum pressure would be measured from the vibration period of the U-tube.
Results
The compressed densities of LAB were measured at temperatures 4, 15 and 23
• C and at pressures 0.1, 0.3, 0.5, 2, 4, 6, 8 and 10 MPa. A total of 24 points were obtained, as listed in Table 1 . The density of LAB decreases with temperature and increases with pressure. The density of LAB changes insignificantly under 0.5 MPa within the margin of error. The isobaric thermal expansion coefficient β is defined as
where V is the volume, p is the pressure, T is the temperature and ρ is the density. The isobaric thermal expansion coefficients at different pressures could be derived if the density data of the corresponding column in Table  1 would be parameterized by the empirical equation of state
where T 0 is 23 • C which is the operating temperature for Daya Bay antineutrino detectors, β 0 is the isobaric thermal expansion coefficient at T 0 and ρ 0 is the density at T 0 . The fitting curves are shown in Fig. 1 , the fitting parameters are listed in Table 2 and β 0 are shown in Fig.  2 . It could be shown in Fig. 2 that the isobaric thermal expansion coefficient β 0 decreases with pressure and changes insignificantly under 0.5 MPa within the margin of error. The expansion and contraction of LAB caused by the temperature change per degree around 23
• C would be about 20 m 3 for the 35 m diameter central detector of JUNO. The relationship between isobaric thermal expansion coefficient and temperature at a given pressure could be derived by Eq. (1) and Eq. (2) which is
By using the parameters in Table 2 , β(T ) under 0.1 MPa with 1σ band is shown in Fig. 3 . The isobaric thermal expansion coefficient at 19
• C under 0.1 MPa is consistent with the one for the gadolinium-doped liquid scintillator (Gd-LS) of Daya Bay within the margin of error [1] . • C for Gd-LS of Daya Bay is also shown for comparsion.
The isothermal compressibility κ is defined as
where V is the volume, p is the pressure, T is the temperature and ρ is the density. The isothermal compressibilities at different temperatures could be derived if the density data of the corresponding row in Table 1 would be parameterized by the empirical equation of state [16] 
where p 0 is 1 atm, ̺ 0 is the density at p 0 , κ 0 is the isothermal compressibility at p 0 and κ ′ 0 equals to 1 2 (∂κ/∂p)| p=p 0 . The fitting curves are shown in Fig. 4 , the fitting parameters are listed in Table 3 It could be shown in Fig. 5 that the isothermal compressibility κ 0 increases with temperature. The relationship between the isothermal compressibility and pressure at a given temperature could be derived by Eq. (4) and Eq. (5) which is
By using the parameters in Table ( 3), κ(p) at 22.98
• C with 1σ band is shown in Fig. 6 . The isothermal compressibility κ 0 decrease with pressure since the corresponding κ 
Conclusions
We measured the densities of LAB at 4, 15 and 23
• C under 0.1, 0.3, 0.5, 2, 4, 6, 8, 10 MPa. The isobaric thermal expansion coefficients under eight pressures and the isothermal compressibilities at three temperatures were derived by fitting the empirical equations of state. The empirical formulas are provided and used to fit the measured data in the paper. The density, isobaric thermal expansion coefficient and isothermal compressibility of LAB change largely with temperature while they change insignificantly under the pressure difference of 3 atm caused by the large scale of the central detector of JUNO. The overflow volume for the 35 m diameter central detector of JUNO would be 20 m 3 caused by the expansion from the temperature change with one Celsius degree around 23
• C.
